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TRAmSONIC RCrrORS IN AIL ST.AGES 

By William H. Robbins  and Wederick Glaser 

The  performance  of a five-stage  transonic  research  compressor was 
investigated  with  distorted  inlet flow. Both  over-all  performance and 
individual  blaae-row  performance  results over a range of compressor 

ential  inlet  flow-distortion  patterns  covering annular extents of SO0, 
Z O O ,  and 180°. 

.I speeds  and  equivalent  weight flows were  obtained w5th three circumfer- 

The  inlet  flow  distortions  were  characterized by large  gradients in 
static  pressure  and  flow  angularity as well as in total-pressure  and ve- 
locLty  distortions.  The  magnitude of the  total-pressure  distortion  in- 
creased  wlth  compressor  speed. In  conkast, the  velocity  distortion  re- 
mained  relatively  constant over the  entire  speed  range.  The  effects of 
distorted inlet  flow on the over-all  campressor  performance  were small. 
The  pressure ratio and efficiency  levels were approximately  the same as 
those  obtained  without  distortion;  however, a 3-percent loss in  equiva- 
lent  weight flow was incurred  at 90 and 100 percent of design  speed. 

The results of surveys of the  individual blade rows indicated that 
the  magnitude of both the  total-pressure  distortion and the velocity dis-  
tortion was reduced through the  compreasor. However, the  variation  of 
velocity  distortion  was  not directly reflected by the total-pressure dis- 
tortion. The stator-blade  rows  showed  little or no ability tx reduce  the 
distortion.  The  rate of distortion  removal was greater  near  the  tip  sec- 
tion of the  blade  than  at  the hub. 

Distorted inlet f l o w  had  very  little  effect on the  stall-limit  line 
at 70 and 80 percent of design  speed. At higher  values of compressor 
speed,  the  stall-limlt  line was not  determined. . 

UNCLASSiFlEC 



2 
... 

INTROWCTION 
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Turbojet-engine  installations  in  present b y  aircraft are usually 
associated  wtth f l o w  distortions  at  the  campressor  inlet.  Dietortion of 
compressor  inlet flow is defined, in general, as a deviation from uni- 
form  inlet flow conditions  of  constant  total  pressure,  constant  total 
temperature,  and zero rotational  velocity.  Inlet  flow  diato~tions  have 
caused  several  aircraFt  and  engine  operating problm including  poor ac- 
celeration  rate,  altitude  ceiling  limitations, limited maneuversbflity, 
and  thrust loss which  is  primarily  due  to  adverse  compressor  performance. 
Therefore,  the  NACA  is  conducting a program on distortion  covering a wide 
scope  with an aim toward a better  understanding of the engfne aerodynamic 
effects of distortions. 

Numerous compressor  and  engine  distortion  investigations have been 
conducted  at  the kwis laboratory. This program was designed  to  explore 
both  the  distortion  effects on over-all  performance  and also the  internal 
aerodynamics of distortions.  SeverEal  engines  were  investigated wLth vari- 
ous types of inlet  distortions  and  are  reported  in  references 1 H. 
The  results of these  investigations  indicate  that  the  effects of inlet 
flow distortions  on  campressor  performance  were  reflected  primarily  in a 
shift of the  stall-limit  line  toward  the  operating  line. The extent of 
the  shift  varied  with  the  colqpressor  configuratiun and the  type  of  dis- 
tortion.  Changes in the steady-state-speed  curves  were also manifested, 
but  these  changes  in  general  were amn.l. The  compressors  of  these  en- 
gines all operated  at  subsonic-inlet  relative Mach numbers  in  conjunction 
with  inlet  guide  vanes. 

Research  on  distortion-reducing  devices is also included  in  the 
program.  Distortion  reduction  using  screens  has  been  investigated  in 
references 8 and 9. This solution to  the problem does not appear  to be 
satisfactory  in  that  large  total-pressure  losses  are usually incurred  at 
the  current  inlet-Mach-number  levels of modern  engines.  Freely  ro.tating 
fans  (windmills) have also been  investigated  both  theoretically  and  ex- 
perimentally.  The results of  these  investigations have been  reported  in 
references 10 to 12. gome success in reducfng  distortion  with  windmills 
has been  realized. In general,  the  pressure loss is  relatively low,  and 
exit  total-pressure distortion is  approximately 50 percent of the  inlet 
value.  However,  in  reducing  the  total-pressure  distortion, a temperature 
distortion  and a rotational  component  of  velocity  are  introduced in the 
flow. Windmills  have  the  added  disadvantage of lncreased  powerplant 
weight. 

The  compressor  investigated  and reported herein dlffered  from those 
of the  previous  investigations i n  that  the  design-inlet  relative Mach 
number w8s transonic, and the  compressor  operated  without inlet guide 
vanes.  The  purposes  of  the  .present  InvestigatSon  are as follows: (1) to 
determine  initially  the  effects of distortion on over-all compressor 
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. 
performance; and (2)  t o   t r a c e  the d is tor t ion  flow patterns  through  sev- 
e r a l b l a d e  row6 from t h e   i n l e t   t o  the discharge of the compressor i n  

t ion.  The comgressor was operated as a component of 8 conventional 
turbojet  engine  in a sea-level s t a t i c   t e s t  stand. 

a order   to   isolate  the regions of the compressor most sensi t ive t o  distor- 

0 e 

Three circumferential   distortion  patterns were investigated  corre- 
sponding to   d i s tor t jon   ex ten ts  of 600, 1200, and 180°. For each  distor- 
t ion  extent the compressor was operated at corrected  t ip  speeds  that  were 
70, 80, 90, and 100 percent of design  speed. Data were obtained along 
an operating  line  corresponding t o  open exhaust  nozzle. An attempt was 
also made to establish the stall-limit line; however, t h i s  w a s  done only 
at  70 and 80 percent of design  speea. A t  higher speeds, limiting  turbine- 
i n l e t  temperature was encountered  before  surge. This  was investigated a t  
the NACA Lewis l akontory .  The design,  over-all performance, and blade- 
element  performance of the compressor are reported 9n references l3 t o  16. 

SYMBOIS 

m e  following syrtibols are  used i n  this report:  

compressor f r o n t a l  area, sq f t  

t o t a l  enthalpy,  Btu/lb 

incidence  angle,  angle between inlet  relative-ah-velocity  vector 
and tangent to blade mean camber l i n e  at leading edge, deg 

absolute total pressure,  lb/sq f t  

static pressure, ~ b / s q  ft . 

absolute  total  temperature, 

blade speed, f t / s ec  

absolute a i r  velocity,   f t /sec 

velocity of relative t o  blade row, f t / sec  

airflow rate, lb/sec 

absolute airflow angle measured from axial   direction, deg 

airflow  angle relative t o  blade row measured  from axial direction, 
dei3 

adiabat ic   teqerature-r ise   eff ic iency - 
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6 r a t i o  of i n l e t  t o t a l   p re s su re   t o  NAC4 s tandmd sea-level  pressure, c 

p2/2116 " 

I 

'0 ratio of i n l e t  t o t a l  temperature t o  NACA standard sea-level temper- 
a t u r e ,  T2/518.7 

cp flow coefficient,  v,/ut 

Subscripts : 

H 

id  

L 

t 

2 

0 

1 

2,4 

395 

6 

7 

high-pressure  region 

ideal  conditions 

low-pressure  region 

compressor t i p  

axial   d i rect ion 

bellmouth i n l e t  

compressor  flow-measuring s ta t ion  ." 

s ta t ions  ahead of ro to r s  1 and 2 

s ta t ions  ahead of s t a to r s  1 and 2 

station a t  second-stator  discharge 

s t a t ion  a t  f i f th-s ta tor   discharge 

. -  . . .  

b 

. c 
. _ -  

APPARATUS AND PROCEDURE 

Test   Faci l i ty  

The compressor tes-ffTacil i ty  uti l ized i n  thia  .investigatLon wae 
similar t o   t h e  one described in reference  16. In brief ,   the  compressor 
operated  as a component of an existing  turbojet  engine in a sea-level 
s t a t i c  test  stand. A bellmouth that conformed t o  ASME specifications was 
i n s t a l l ed  a t  the  engine  fniet .   Directly behind the  bellmouth,.a 
distortion-screen  assembly was instal led  to   provlde a convenient method 
f o r  creat ing  inlet- f low  dis tor t ions.  A t  the  exit,  the  engine vas supplied . 
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Kith a variable-area  exhaust  nozzle  in  order  to  allow  the  compressor  to 
operate  over a range  of  airflows  at  given  values of rotative  speed. 

Distortion  Screen A s s d l y  

A sketch of the  passage  contour ~ t h  the  distortion  screen  in- 
stalled  is  shown in figure 1. The  distortion  screen was placed  approxi- 
mately 1 foot  ahead  of  the  first  rotor-blade  row.  The  distortion-screen 
assembly  consisted o f .  a 1/2-inch  mesh  screen,  covering  the  entire  annu- 
lus,  which  served  as a support  for a finer  mesh  (24  mesh,  0.012-in.  wire) 
distortion  screen.  PreILmLnary  performance  data  indicated  that  the 
steady-state  performance was not  affected  by  the  support  screen.  The 
distortion-screen  circumferential sements used  in  this  investigation 
extended 60°, 1200,  and 180°. 

The  distortion sc reen  was  mounted on rollers  whlch  permitted  rota- 
tion  about  the  compressor  axis.  Mounting  the  distortion  screen  in  this 
manner,  provided a convenient  way  of  utilizing  instrumentation  at  one 
circumferential  position  to  determine  the  distorted-flow  patterns  around 
the  complete  circumference of the  compressor. 

Instrumentation 

Instrumentation was provided  at  seven  axial  stations.  Measure- 
ments  at  stations 0 and 1 were  utilized  for  computing  the  airflow  rate. 
Temperature  and  pressure  readings  were  taken  at  station 0 (fig. 1) and 
were  considered  inlet.  stagnation  conditions. At station I, static  pres- 
sure was obtained  from a five-tube  radial  static-pressure  rake  and  static- 
pressure wall orifices  equally  spaced around the  circumference.  Airflow 
through  the  compressor,  for.  over-all  performance, was then  calculated 
from  the  inlet  stagnation  conditions, wall boundary-layer  blockage  factor, 
arithmetical  average  of  the  static-pressure  rake (at station 1) for 30 
circumferential  positions of the  distortion  screen,  and  the  contlnuity 
equation. A discussion of boundary-layer  blockage  allowance  is  given  in 
reference 15. For  these  tests,  the  boundary-layer  blockage  allowance 
used  was  0.98  and  was  constant  over  the  entire  weight-flow  range  tested. 

Station 2 instrumentation  (rotor  inlet)  consisted  of  four  static- 
pressure  orifices  equally  spaced  at  the  outer wall and a combination 
self  -balancing temperature7pressure-angle survey  probe  (fig . 2) . Similar 
instrumentation  existed  at  stations 3, 4, 5, 6, and 7. 

Measurements  were  made  at  five  radial  positions  corresponding to 
10, 30, 50, 70, and 90 percent  of  the  passage  depth  from  the  casing,  and 
at 30 circumferential  positions  (12O  intervals)  on  the  distortion  screen. 
Static  pressure was measured  at  the  five  radial  positions  by  using  one 
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calibrated  balancing  tube of the combination  survey  probe. An included 
angle of 60° between the  balancing  tubes of the combination  probe was 
reasonably  satisfactory for measuring s ta t ic   pressure.  The temperatures 
and s ta t ic   pressures  were calibrated and corrected  for Mach-number e+- 
fec ts .  Shown i n   f i gu re  3 is a-comparison  of circumferentkl  variation 
of s t a t i c  pressur-e aB measured by  both  the combination  probe (with the 
calibration  applied) a t  10 percent of the passage  depth and the s t a t i c -  
pressure w a l l  or i f ices ,  and this comparison w a s  typical  of the  variations 
that existed for the  distortion  investigation. Although t h e  curves  vary 
in  absolute magnitude, they  follow the  same trends. Ip 

4 
P 
0 

Procedure 

Three circumferential   distortion  patterns were investigated  corre- 
sponding to   d i s tor t ion   ex ten ts  of 60°, 120°, and 180'. For each dis tor-  
t ion  extent the compressor wa8 operated at corrected  t ip  speeds  of 70, 
80, 9O;and 100 percent of design  speed. A t  70 percent of design  speed 
the compressor was limited t o  one operating  point  corresponding  to an 
open exhaust  nozzle. A slight closure  of  the  exhaust  nozzle  resulted  in . 
compressor rotat ing stall .  Open exhaust-nozzle (maximum weight flow) 
and  closed  exhauet-nozzle (minimum weight flow) data were obtained a t  80 
and 90 percent of design  speed.. The closed--ngzz5e data were near t h e  
stall-limit l i n e  of the compresBor a t  80 percent of design  speed> a t  90 
percent of design speed, the minimum weight  flow w a s  limited by turbine- 
i n l e t  temperature.. .At design speed, data were obtained at open nozzle. 
Closed-nozzle data  could  not be obtained  because of limiting  turbine- 
i n l e t  temperature. 

. .  

" 

In  addition,  exploratory stall  studies were made with a hot wire 
anemometer over the complete  range of operating  conditions.  Failure of 
the first-stage  rotor  blades  prevented comgletion  of the  intended  re- 
search program on this comressor. 

Rl3:SULTS AM) DISCUSSIOM 

The results of this investigation are presented i n  curve form i n  
figures 4 t o  17 .  Initially,  the  compressor-inlet  conditions  are  indicated 
( f ig .  4) . Fol1owing"bhese p lo ts  the over-all. performance map is  pre- 
sented  (fig.  5).  Circumferent ia l   Wiat ions of the  flow-through  the f irst  
two stages and a t  the compressor discharge are then given ( f igs .  7 t o  lo), 
and f i n a l l y  complete velocity diagrams (f igs .  11 t o  14) i n  the  distorted- 
and undistorted-flow  regions  are shown with the rate of decay of the axial 
velocity and total-pressure  distortions  (figs.  15 and 17) through the 
compressor. Analysis of data i s  limited  primarily  because of the  absence 
of a firm compressor theoretical   analysis that can be  applied to   the  case 
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of nonuniform  circumferential  inlet  flow.  Insofar  as  possible,  however, 
qualitative  explanations  of  the  curves  are  presented. 

'I 

Two parameters  have  been  used  to  rate  the  magnitude  of  the  distor- 
tion  throughout  this  report.  The  ffrst  method,  rating  distortion  on a 
total-pressure  basis,  is a very  common  technique  used  almost  exclusively 
in  previously  established  distortion  literature  because it can  be  related 
directly t o  engine  thrust. The other  method  based on axial  velocity  is 
especially u s e f u l  and probably  more  significant  from a blade-row  or 
blade-element  point  of  view  because  compressor  internal-flow  changes  are 
more  directly  reflected.  Axial  velocity  is also a comon parameter to 
both  rotating  and  stationary  blade  rows.  The  distortion  parameters at 

' the  inlet  to  each  blade row (axial  stations 2, 3, 4, 5, 6, and 7) were 
defined  as  follows: 

(1) Total-pressure-distortion  parameter, pE pL 
pH 

(2) Velocity-distortion  parameter, vz,H - vz,L - 'H - 'L 
vz, H 'pa: 

- 

Compressor-Inlet  Conditions  and  Over-all  Performance 

The  variation  of  inlet  flow  distortion  with  equivalent  weight  flow 
is  indicated in figure 4 where  the  total-pressure-distortion and velocity- 
distortion  parameters  are  plotted  against  equivalent  weight  flow  for 
three  distortion  extents.  Values of the  distortion  parameter  at  the  vari- 
ous  speeds  are  identified  by  appropriate symbols and  represent  radially 
averaged  values from hub to tip.  The  values of total-pressure  distortion 
increased  with  equivalent  weight f l o w  (and  speed}  from a value  of  approxi- 
mately 0.05 at  the  lowest  flow  investigated  to a maximmu value  of 0.185 
at  the  highest flow investigated  for  the 180° extent.  Values  of  the 
total-pressure  distortion  parameter  for  the 120° extent  and SO0 extent 
were  somewhat  lower  over  the  entire  flow  range. 

Values  of  the  inlet  velocity  distortion  are  shown  in  the  upper 
portion  of  figure 4, and although  some  scatter of data exists, in general, 
the  values  of  velocity  distortion  seem  to  remain  relatively  constant  with 
equivalent  weight  flow  (and  compressor  speed),  suggesting  that  strong 
static-pressure  gradients  were  present  in  the  inlet  flow.  The  exist- 
ence of static-pressure  gradients will be discussed  more fully in a later 
section. 

The  over-all  performance map is  shown  in  figure 5 where  total- 
pressure  ratio  and  adiabatic  effFciency  are  plotted  against  equivalent 
weight  Slow  at the compressor  inlet.  The  solid Unes represent  the  uni- 
form inlet f low-performance  map  reported  in  reference 16. The  data  points 

* 
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a t  70-percent  speed were taken a t  a flow j u s t  sl ightly  higher than  that 
a t  which rotat ing stall occurred. The  minimum-flow po in t s   a t  80-percent 
design  speed  are  data  points  near-the &--ut line  (surge  points).  
The minimum-flow data  pointa  at  90-percent speed and those at design 
speed are  not  surge  points  but  represent  values of pressure  ra t io  and 
weight flow where the  limiting  turbine-inlet  temperature was reached. 
The unlfomn-inlet minimum-flow data  points at 90- and 100-percent  speed 
do not  represent  the stall-limit l i ne   e i the r .  In general,  the  effecta 
of dis tor t ion  are small. At-70 and 80 percent of design speed, the 
p r e s s u r e - r a t u v e l  has remained  about the same 88 the  uniform inletLflow 
values, and some increase i n  efficiency has been  observed. The indicated 
increase  in  efaiciency i s  probably due to  inaccuracies in the  temperature 
measurements. 

A t  70-percent  design  speed  with  distorted  _inlet flow, rotat ing 
s t a l l  was incurred a t  somewhat higher v&es of the weight f low (approxi- 
mately 3 percent) than  the stall values of the uniform flow; a t  80- 
percent  speed, no s ignif icant  change i n  the.stall-limit l i n e  was obeerved. 
In t h i s  speed  range  associated  with low values of dis tor t ion,  t h e  stall-  
l i m i t  l i n e  was not  expected  to change radical ly .  However, a t  supersonic 
f l i g h t  Mach numbers where the  equivalent speed is low and the  inlet-flow 
d is tor t ion  i s  high,  serious compressor operating problems may e x i s t  be- 
cause of t h e  reduced stall-free operating range 

Some penalty i n  equivalent weight  flow a t  the compressor face  (ap- 
proximately 3 percent) w a s  observed at 90 and 100 percent of design  speed. 
The decrease i n  f l o w  was not   a t t r ibuted t o  increased  boundary-layer 
buildup at the compressor face because of longer.€nlet  ducting  with the 
distortion-screen assk?mhly ins ta l led  upgiti-eaif"of-the  compressor,  because 
preliminary  tests  with  the  backing  screen  (l/2-inch mesh covering  the 
complete annulus) indicated no decrease in equivalent  flow. 

"" 

A typical  distorted  f low model and compressor characteristic  curves 
are shown i n  f igure  6. Two axia l   s ta t ions  are considered;  station 1 is 
a t   t h e  compressor Inlet, and s ta t ion  2 is doinitream of the compressor. 
A t  the downstream stat ion,  it i s  assumed tha t   the   to ta l   p ressure   i s  con- 
s t a n t .  The compressor character is t ic  and  uniform i n l e t  f low operating 
point are indicated  in  f igure 6(b).  For thr...case of d i s to r t ed   i n l e t  
flow, the  axial   veloci ty  w i l l  be low a t  s ta t ion  iL, and therefore CP w i l l  
decrease and f w i l l  increase  ( f ig .   6(b)) .  Conversely, at s t a t ion  iH tp 
will increase and $ will decrease, and the  average  flow  coefficient will 
depend on the shape of the compressor characterlst ic,   the stage and engine 
matching  requirements, and the compressor operating  point. I n  t h i s  par- 
t icular   case a net  f l o w  loss  a t  the compressor face (s-bation 1) w a s  
observed. 

Since  the compressor with d;lstorted flow tended t o  ,perate at..some- 
what higher   values   of .pressure  Gff ic ient  &id l o w e r  values of flow 
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coefficient,  the  stall-free  operating  range  of  the  compressor will be 
somewhat  less  than  that for undistorted  operation. For example,  the 
data  taken  at 70 percent of design  speed  indicated  that  the  rotating- 
stall  region  of  the  compressor  map  increased  with  distorted  inlet  flow. 

Individual  Blade-Row 

In order  to  gain a better  insight 
flow  patterns,  the  in-diyidual  blade-row 
stages  of the compressor  is-presented. 

Performance 

into  the  internal-compressor 
performance of the  first  two 
Circumferential  variations  of 

the  measured-flow  parameters are indicated,  with-velocity  diagrams  of 
the  high-  and  low-pressure  flow  regions.  The  distortion  parameters 
discussed  previously  are  used  as  the  basis for the  analysis. 

Circumferential  flow  patterns. - The  circumferential  distortion- 
flow  patterns  at  six axial stations ( 2  to 6, fig. 1) are shown in  fig- 
ures 7 to 10 where  total  pressure,  static  pressure,  absolute  flow  angle, 
total  temperature,  and  absolute  velocity  are  plotted  against  circumfer- 
ential  position.  The  circumferential  survey  points  were  equally  spaced 
covering  the  complete  annulus (360O). Three  radial  positions  are  pre- 
sented  corresponding  to 10, 50, and 90 percent of the  passage  depth. 
One  data  point  at  each of four compressor speeds-for  the 1200 extent is 
shown.  The  data  for  this  distortion  extent  were  presented  because  it 
was  the  most  consistent  and  reliable.  These  plots  indicate  that  the 
circumferential  extent  of  distorted  flow  remains  relatively  constant 
through  the  compressor;  at  the  compresspr  discharge  (station 7) the 
total-pressure  distortion  has  been  greatly  reduced.  The  difference  in 
total  pressure  in  the  high-  and  low-pressure  regions  appears  to  increase 
slightly  through  the  first  two  stages;  the  static-pressure  variation 
followed a similar  pattern. The static-pressure  gradient  at  the  inlet 
is not  surprising  in  view  of  the  variation of the  flow  angle,  which  in- 
dicates  large  streamline  curvatures  at  the  compressor  inlet.  The  data 
suggest  that  the  inlet flow picture is very  similar to that shown in 
figure 6(a). A velocity  distortion also existed  at  the  compressor  inlet 
In  contrast  to  the  total-  and  static-pressure  gradients  that  persisted 
throughout  the  first  two  s-tages,  the  velocity  distortion and the  gradi- 
ents  of  the  flow  angle seem to  dissipate  quite  markedly. 

At  the  compressor  discharge,  however, a significant  velocity  dis- 
tortion exists,  which is surprising in  view of the  velocity  distortion 
decay  that  occurred in the  inlet  stages. An exaplination  of  the  total- 
and  static-pressure  variations  at  the  compressor  discharge  (station 7) 
indicated  that  (in  contrast  to  the  pressure  variations  at  the  other  axial 
stations)  the  region  of  high  total  pressure was associated  with  the  re- 
gion of  low  static  pressure  (figs. 7, 8, 9, and 1O(p) to (r) ), resulting 
in a sizeable  velocity  distortion. As a consequence,  the  circumferential 
variations  of  static  pressure  were  viewed  with  suspicion.  Although  the 
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data for the 60' and 180° extents  were  not  presented,  similar  trends 
were  exhibited.  The  distorted f l o w  regicin, of  course,  spiraled  through 
the  compressor.  The  circumferential  location of-this r e g i a  was pre- 
dicted  accurately  at  any  axial  station  from the absolute  mean  flow  angle 
and  velocity. This rotation  amounted  to  approximately 200 in  each of 
the  first  two  compressor  stages. 

Velocity  diagrams. - In  order  to  reduce  the  data so~ewhat- f o r  
analysis,  the  circumferential-f  low-variation  plots  (figs. 7 to 10) 
were  used  as a basis for dividing  the  compressor  into  two  regions.  The 
high-pressure  region was taken .ELE the undistorted  region#  and  the  low- 
pressure  region was considered  .theregion of distorted  flow.  The  valuee 
of the  flow  parameters  were  arithmetical&  averaged  in  each  region,  and 
complete  velocity  diagrams were then  computed.  The  velocity  diagrams 
are  shown  in  figures ll to 14 for the  data of figures 7 to 10. The  high- 
pressure  regions  are shown as solid lines,  the  low-pressure  regions are 
indicated  by  the  dotted  Linee.  At  the  compressor  inlet,  the  distorted 
flow diagrams  are  characterized  by a somewhat lower axial velocity  and a 
higher  angle  of  incidence  on  the  first  rotor. As the flow passes  through 
the  rotor,  the a- velocity  change is greater  in  the  distorted  region. 
Since  the  relative  outlet  flow  angle  is  nearly  equal  for  both  regions, 
the  effe-ct is in  the  direction of decreasing  the  velocity  distortion. 
The  velocity  diagrams  indicate  that  this  effect  is  more  predominant  at 
the  tip  and  mean  radius  than  at..t.he.hub.  The  velocity  distortions  are 
also greatly  diminished  at  the  exit  to  the  second  stage. In many  casee 
the  second-stage  distarted  and  undistorted  diagrams  are  coincident. 

. .  

. .. 

e -  

.. 

Flow variations  through  the  compressor. - The  distortion  patterns 
through  the  compressor  in  terms of t4e  total-pressure-distortion  param- - 

eter - pL and  the  velocity-distortion  parameter 
. . .. . . . . - . - - . . . . - - . - . . ". 

pH 
presented  in  figure 15 for the  three  distortion  extents.  One  point at 
each  compressor  speed  is  shown  for the 180' and 120° extents.  The  dis- 
tortion  data  at 70 percent  of des ign speecIf6r"thG 60" -distortion ex- 
tent  were not presented  because  the  magnitude  and  extent of the  dlstor- 
tion  were so small that  it  was  extremely  difficult to isolate  the  high- 
and  low-pressure flow regions on the  circumferential  plots. The data  are 
plotted  against statim number  in  the  comprcssbr (fig. 1) and  represent 
radially  averaged  values of the  distortion  parameters.  Both  the  total- 
pressure  diatortion and velocity  distortion-decrease  through  the  f-st 
two  rotor  blade rows. In  contrast,  through  the  stator  blades  the  distor- 
tion  either  remains  constant  or  increases  slightly.  This  suggests that 
energy  addition  is  required to remove a significant amount of distortion 
and also indicates  that  inlet  guide vanes probably  are  not  effective for 
distortion  removal.  The  rate of decay of the  velocity  distortlons 
through  the first two stages appears to be  greater than the  rate of decay 
of the  total-pressure  distortions. This is desirable  because  it is felt 

... 
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* 
that  total-pressure  distortion as such  is  not  detrimental to cojqpressor 
performance.  Velocity-diagram  distortions,  however,  create  serious 

ure 15-alo confirms  previous  suspicions  that  the  inlet  stages  are 
probably  the  most  critical  from a distortion  standpoint  in  that a greater 
stall-free  angle-of-attack  range is required  to  accommodate a distorted 
inlet  flow. 

compressor  operating  problems  because of mismatching of the  stages. F'ig- 

0 

dc 
2 

m e  velocity  diagram  plots, for example,  (figs. 11 to 14) indicate 
that  the  inlet  stage  operates over a greater  incidence-angle  range  than 
the  second  stage.  In  many  cases  the  second-stage  high-  and  low-pressure 
velocity  diagrams  are  coincident;  however,  the  inlet-stage diagrams in 
all  cases  show  that  the  stage  must  operate  over  an  angle-of-attack  range. 

At  the  compressor  discharge  (station 7 )  the  total-pressure astor-  
tion  has  almost  completely  dissipated. In contrast, a significant  vel- 
odty distortion  is  indicated  which  again  illustrates  that  the  velocity 
distortion  is  not  reflected  by  the  total-pressure  distortion. 

" 

Q Radial  gradients of inlet  flow. - I n  fFgure 16 radial  variations 
of the  total-pressure  distortion  parameter,  the  velocity  distortion  pa- 
rameter,  and  change  in  angle  of  incidence  are shown at  the  compressor 

at  each  compressor  speed  is  presented  except for the 600 extent  where 
the  70-percent  design-speed  data  is  not  shown. As expected,  the  total- 
pressure  distortion  remained  relatively  constant from hub  to  tip,  and 
the  distortion  level  increased  with  speed. 

- face  (station 2) for the  three  distortion  extents.  Again one data  point 

The  velocity  distortion  curves do not  exhibit  the  same  trend.  The 
velocity  distortion  increases  from 70 percent  to 90 percent  of  design 
speed;  however,  there  is a reduction  in  velocity  distortion 8 s  the  speed 
is  increased  from 90 percent to 100 percent.  The  velocity  distortions 
are  somewhat  higher  at  the  mean  radius  than  at  the  hub  and  tip.  The 
incidence-angle  curves  indicate  the  same  general  trends as the  velocity- 
distortion p lo t s .  The  smallest  change in incidence angle occurred  near 
the  tip of the  blade;  this  was  fortunate  in that-the tip  regton  has  the 
smallest  stall-free  incidence-angle  range. In addition,  the  velocity- 
distortion  parameter  and  change  in  incidence  angle (which are  most sig- 
nificant  from  the  standpoint  of  compressor  operation)  are  not  truly  re- 
flected  by  the  total-pressure  distortion  parameter. In view of these 
results,  the  velocity-diagram  studies,  rather than analysis  of  total- 
pressure  variations,  present a good  approach  to  the  solution  of  the  dis- 
tortion  problem. 

Radial  variations of flow through  the  compressor.. - I n  figure 17 
the  values  of  the  total-pressure-distortion  parameter  and  velocity- 
distortion  parameter for three  radial  positions  are  plotted  against  com- 
pressor  station " rimer (fig. 1) for  the  first  two  stages  and  at  the 
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compressor discharge. The data f o r  three d is tor t ion  ex ten t s  is  shown. 
The data points on these--curves  represent  average values of the d is tor -  
t i on  parameter f o r  the..four compressor  speeds  fnvestigated. The p l o t s  
were presented on an average basis because  the scatter of data W ~ B  re- 
duced somewhat. N e a r  t h e   t i p  of the  blade, the total-pressure  dis tor t ion 
i s  reduced  considerably  through  the f i rs t  rotor-blade row and remains 
re la t ive ly   cons tan t   to   the   ou t le t  of the second  stage. A t  the compressor 
discharge  the  total-pressure  distortion is d r t u a l l y  eliminated.. The 
ve loc i ty   d i s tor t ion  was a l so  -diminished very-rapidly i n  one blade row; i n  
fact ,   values of the  veloci ty   dis tor t ion are negative in some cases a t  
s ta t ions  3 t o  6. A t  the  discharge the veloci ty   dis tar t ion-ha8  increased 
t o  a pos i t ive  value.  

. .  . .. 

The trends a t  the hub are   qu i te   d i f fe ren t .  Both the  total-pressure 
d i s to r t ion  and velocity  distortion  increase  through  the first stage, and 
a marked drop through  the  second  stage is indicated. A6 stated  previous- 
ly, it is  suspected that variat ions of enerQy addition In the compress6r- 
blade rows exert  considerable  influence on the   d i s tor t ion   pa t te rns  
through  the  compressor. I n  general, the r a t e  of change of energy addi- 
t ion  with flow coeff ic ient  a t  the hub is much smaller than t h a t  at the 
t i p .  T h i s  f a c t  is manifested  by  observing a typ ica l  compressor  charac- 
t e r i s t i c  :as shown i n  figure 18(a), where pressure  coefficient is plo t ted  
against  f low coeff ic ient  f o r  typ ica l  hub and t i p  sections-. Near the t i p  
section of t h e  blade, the performance  curve is' characterized by a s teep 
slope. 

For simplicity,  it is assumed t h a t  undistorted  operation  of-the 
compressor  occur6 a t  point A with radial ly   constant  axial velocity; t h e  
distorted  operating  point is at  B. A t  points A and B the   f i r s t - s tage  
ve loc i ty   p rof i les  (from  energy  addition  consfderatians) w i l l  resemble 
those shown i n   f i g u r e   1 8 ( b ) .   F o r t h e  compressor operation at point A, 
the axial veloci ty  will remain constant a t  all stations.  Operation a t  
point B (d is tor ted  flow) w i l l  be somewhat W f e r e n t .  A t  s t a t ion  2 the 
ax ia l   ve loc i ty  (Bz) is-decreased and  remains  constant  radially  (assuming 
no w h i r l  a t  the inlet) .  By moving t o   s t a t i o n  3 ( a f t e r   t he   ro to r ) ,  axial 
veloci ty  will be higher a t   t h e   t i p   t h a n  a t  the hub because of increased 
energy  addition a t t h e   t i p   s e c t i o n .  Through the   s ta tors  (B4) the same 
trend w i l l  pers i s t   s ince   the  same energy  gradient  exists  over a s m a l l e r  
passage  height. . -  I -  . ". " 

The velocity  profiles  through stage 2 are show i n  f igure  18(c) .  
Increased  axial   velocity a t  the t i p  a t  the exit t o  stage 1 will r e s u l t  i n  
less energy  addition a t  the   t ip   than  hub and the  prof i les  ell tend t o  
again  appraach the  condition of constant axial velocity. A p l o t  of the  
velocity  profiles  through two compressor stages i n  terms of the d3.stor- 
tion  parameters a t  the hub and tip' is shown i n  f igu re  18(d.). The trend 
of the  curves  are the same as those of f igure  17. It is  real ized that 
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- 
this  simplified  picture of the  distorted f l o w  W F l l  be  complicated by 
gradients of entropy,  streamline  curvature,  and  tangential  velocity 

the  analytic  approach has some  significance. 
" gradients. In view of the  experimental  data,  however,  it  is  felt  that 

0 
4 

wloratory s t a l l .  studies. - In addikion  to  the  steady-state  data 
fc obtained,  surveys were  taken  af'ter  the  first  rotor-blade row  wlth a hot- 
d+ wire  anemometer. The  purpose  of  this  investigation  was t o  determine 

stall  regions  during  compressor  operation  with  inlet  flow  distortions. 
Surveys  were  taken  over  the  complete  range  of  performance  with  the  three 
distortion  screens  discussed  previously.  In  addition,  the f l o w  was  ob- 
served  with  one-sixth of the  annulus coqletely blocked  by a steel  plate. 
For  the  distortions  hvestigated  it  was  impossible  to  stall  the  distorted 
portion of the  annulus while the  other  portion  operated  without  stall. 

SUMMARY OF RESUZTS 

The  performance of 8 five-stage  transonic  research  compressor  was 
investigated  with  distorted  inlet  flow.  Both  over-all  performance  and 
individual  blade-row  performance  results  were  obtained  for  three circum- 
ferential  inlet f l o w  distortion  patterns 

1 Distortion 

Extent Magnitude 
I 

2 = 0.142 120° 

1 3 I 60° l(g) = 0.125 
max 

The  following  results  were  obtained  in  this  investigation: 

1. The  effects of distorted  inlet flow on the over-all  performance 
map were small. The  values of pressure  ratio  and  efficiency  were  approxi- 
mately  the  same  as  those  indicated  on  the  steady-state  performance  map; 
however, a 3-percent loss in  equivalent  weight  flow was indicated  at 90 
and 100 percent  of  design  speed. In addition, a slightly  larger  region 
of  rotating stall existed  at 70 percent  of  design  speed. 
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2. The  inlet  total-pressure  distortion  increased  as  compressor 
speed  increased. In contrast,  the  inlet-velocity  distortion  remained 
relatively  constant  over  the  compressor-speed range. -" 

" 

" 

3 .  The  inlet  flow  patterns were characterized  by  large  gradients 
of  static  pressure  and f l o w  angularity  as  well as total-pressure  and 
velocity  distortions. However, the  data  indicated  that  while  the  total- 
and  static-pressure  gradients  were  not  greatly  affected  as  the  flow 
passed  through the-f-rst two stages,  the  velocity  distortions  and  an- 
gularity  were  greatly  reduced. A significant  velocity  di$tortion  existed 
at the  compressor  discharge;  in  contrast,  the  total-pressure  &istortion 
was  virtually  eliminated. - - 

4 .  The  stator-blade  rows  showed  little or no ability  to  reduce 
disturtions. 

5. The kip section of the  compressor  seemed t o  have  greater 
distortion-removal  ability  than  the hub section. 

6. It was not  possible  to stall the  distorted  region of the com- 
pressor w h i l e  the  undistorted region operated  without  stall. 

Lewis Flight  Propulsion  Laboratory 
National  Advisary  Committee  for  Aeronautics 

Cleveland, Ohio, October 23, 1957 
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Figure 2. - Photograph 
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of cambination probe. 
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Figure 3. - Circumferential  variation of static pressure  at  compresaor  inlet ( f m )  89 
measured by combination probe at 90-percent  design  speed and 1800 screen extent. 
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Figure 4. - Variat ion of compressor- inlet   to ta l   pressure  ana  veloci ty  
d i s to r t ion   w i th   equ iva len t  w e i g h t  flow. 
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Figure 5. - Over-Klall~perfdmance mep based on equivalent wight flav at compressor 
face. 
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(b) 50-Percent passaga depth (mean); station 2; absolute total  temperature, 5380 R. 

IXgws 7. - Continus&. Variation of distort&-f%m  pattarns with circumferential  gosition. 
70-Pascent. sped. 
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(c) 90-Percent-passage ckpth (hub) ; station 2; absolute t o t a l  temperature, S O o  R. 

Figure 7. - Continued. Variation of distorted-flow patterna with circumferential position. 
70-Percent speed. 
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ELgure 7. - Ccntinued. Variation of distorted-flow pttups vlth circumferential gosition. 
70-Percant speed. 
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Figure 7. - C o a t i n d .  Variation of distorted-flow patterns Kith circumferential position. 
70-Percent speed. 
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Figure 7. - Continued. Vexlation of dlatortsd-flw patterns VLth clrcumfemntial  posltiolr. 
70-Percat Speea. 
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Figure 7 .  - Caa t lnued .  Variation of distortad-flow patterrrs with circumferential position. 
70-Percent speed. 
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Figure 7. - Ccmtinued. V ~ a t i o n  of distorted-flov patterns with circumferential position. 
70-Percent speed. 
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ZYgure 8. - Continued.  Variation of distorted-flow patterns with circumferentisl position. 
80-Percent speed. 
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(f) station 5 ;  hub. 
w e  8. - Continued.  Variation of &started-flow patterns ulth circumferential  position. 
€0-Percent speed. 
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Figure 8. - Continued.  Variation of distorted-flow patterns with circumferential  gositlon. 
80-Psrcent speed. 



48 NACA RM E57Jl.7 

10 

d 
1 1  
C W  

2 
0 

Mrcumferantial positian, deg 

(1) StatLon 41 hub. 

M m e  8 .  - Continued. VarLetion of &started-flow patterns vi th clrcu&ercntial position. 
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(3 )  station 51 tip. 

Figure 8. - Continued. Variation of distorted-flow patterns wtth circumferential p a l t i o n .  
&Percent speed. 
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Circumferential  position, aeg 

(2) station 5; hub. 
Flgura 8. - Continued. Variation of distorted-flov pattarns wlth circumferential position. 
8O-Parcent speed. 
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Mgure 8. - Continue&. Variation of distorted-f lov pat terns  with circumferential position. 
-Percent epeed. 
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Figure 8. - Continued. Varfation of distOrted-ilow patterns with circumferential position. 
80-Percent epasd. 
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Flgure 8. - Continued. Variation of distorted-flow patterns with circumferential pai t ion.  
8O-Percent speed. 
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Figure 8. - Continued. Yeriation of distorted-flow patterns with circumferential  position. 
-Percent speed. 



NACA RM E57Jl7 57 

10 

0 

Circumferantial gosition, deg 

(1) Station 7; hub. 

8 .  - concluded. variation of distortad-flow patterns vlth circumferential position. 
.%-Percent speed. 



58 NACA RM E5'i'Jl.i' 

Circumferential  position, deg 

(a) Station 2 j  t i g j  absolute total temperature, 517O R. 

Figure 9 .  - Variation of distorted-flow patterns  with  clrcumierentlal pasition. 90-Percent 
s p e d .  

. " 



MACA RM E57Jl7 

. 
59 

so 

1; 20 
0 40 80 120 160 200 240 280 360 

Circumferential weition, deg 

(b) station 2J me=; absolute tow temperature, R. 

Figure 9. - Continued. Variation of dietortad-flow pattarns with circumferential gosition. 
90-Percent aped.  
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Figure 9.  - ConMnued. Variation of d i s t o r t e d - f l o w  patterns vlth circumferential position. 
90-Percent spee8. 
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Figure 9. - Continued.  Variation of distorted-flov pattarns with  circumferential  position. 
90-Percent speed. 
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Figure 9. - Continued. 
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Flgure 9 .  - Continued. Variation of distorted-rlm pattern6 xith circumferential poaitlon. 
90-Percent speed. 
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F'igure 9. - Continuad. ' Variation of distorted-flov patterns with circumrerential,poeitlon. 
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Figure 9. - Continued. Variation of distorted-flow patterns vith circumferential  position. 
90-Pcrcent speed. 
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Figure 9. - Continued. Variation of distorted-flov patterns wlth circumferential position. 
90-PercerrL-sprsd. 
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Flgure 9. - Continued. Variation of distorted-flow  patterm vlth circunferential position. 
90-Percent sped. 
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Figure 9. - Continued. Variation of distorted-flou patterm wlth circumferential  position. 
90-Percent speed. 
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Figure 9. - Continued. Variation of distorted-flow patterne dttrcircunUerentia2 position. 
90- Percent speed. 
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Figure 9. - Concluded. Variation of distorted-flow patterns with circumferential position. 
90-Percent speed. ' 
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Figure 10. - V a r i a t i o n  of distorted-flow patterns with circumferentiai-poaitlon. D e s l g ~ ~  
speed. 
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Figure 10. - Continued. Variation of d f s t o ~ - f l o w  pstterne with circlrmferential position. 
Design speed. 



- NACA RM E57Jl7 

. 



NACA RM E57517 79 



80 NACA RM E57Jl7 

3 0 

0 120 160 200 240 280 320 360 
Circumferential position, deg 

( e )  Station 3; mean. 

Figura 10. - Continue&. Variation of Uetorted-flou gatterns with c i r d e r e n t i a l  position. 
Design apeeb. 
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Figure 10. - Continued. Variation of distorted-flow patterns with circumferential  position. 
Desi= speed. 
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Figure 10. - Continued. Variation of distorted-flow patterns with circumferential position. 
Des-  speed. 
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Flgure 10. - Continued. Variation of dietarted-flaw patterns vith circumferential p a i t i o n .  
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Figure 10. - Concluded. Variation of distorted-flow patterns v i t h  circumferential position. 
Design 6" 
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Figme 11. - Velocity diagram plots. 70-Percent  speed. - 
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Figure 11. - Concluded. Vebc i ty  diagram plots. 70-Percent  speed. 
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Figure 12. - Velocity diagram plots .  8O-Percent speed. 
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Figure 52. - Concluded.  Velocity diagram plots.  80-Percent  speed. 
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Figure 14. --Velocity diagram plots. De-slgn speed. 
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Figure 14. - Concluded. Velocity diagram plots. Design speed. 
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PLgure 16. - Radial variation of distortion  parameters over a range of compreseor tlp  speeds at 
the aompressor face (station 2). 
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Figure 18. - Qualitative  velocity  distributions  through  compressor Kith distorted 
inlet flow. 
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